Artificial modulation of electronic structures and control of the transport dynamics of carriers and excitons in CdSe nanowire are important for its application in optoelectronic nanodevices. Here, we demonstrate the aggregative flow of excitons by bending CdSe nanowires. The bending strain induces spatial variance of bandgap, and the energy bandgap gradient will result in the flow of excitons towards the bending outer edge of CdSe nanowire. The exciton emission energy shows a uniform redshift in the bending region due to the aggregative flow of excitons, and the energy redshift increases linearly with increasing the strain at the outer edge of the CdSe nanowire. Our results show an effective method to drive, concentrate, and utilize the excitons in CdSe nanowires, which provides a guide for the design of high performance and flexible optoelectronic nanodevices.
INTRODUCTION
Cadmium Selenide (CdSe) nanowire, due to its unique luminescent properties, nonlinear optical properties, quantum-size effect, and the band gap in visible light range, is a promising material for the electronic and optoelectronic nanodevices. CdSe nanowires based functional devices, such as transistors, photovoltaic cells [1] , light-emitting diodes [2] , lasers [3] , etc., have been developed. Further modulation of the electronic structures and control of the transport dynamics of carriers in CdSe nanostructures are very important to optimize the optoelectronic properties. It has been demonstrated that the carrier and exciton transport dynamics can be effectively tuned in CdS/CdSe superlattices and core/shell nanostructures such as CdTe/ CdSe [4] and ZnSe/CdSe [5] , due to the alignment of their band structures and bandgap offset. Most recently, it has been experimentally illustrated that the colloidal core/ crown CdSe/CdS nano-platelet based heterostructures can act as efficient exciton concentrators [6] . Besides the chemical approaches, the elastic strain can also effectively influence the electronic and optical properties of semiconductors [7] [8] [9] . The notable examples are the piezoelectricity in polar semiconductors [10, 11] and the strained silicon technology for enhancing carrier mobility of Si transistors [12] . The elastic strain engineering becomes even more important in semiconducting micro/nano-structures because they possess much higher mechanical toughness and strength compared to their bulk counterparts [13, 14] . For example, significant energy redshifts of the near-band-edge (NBE) luminescence in uniaxial strain modulated ZnO [15] and GaAs [16] nanowires, as well as in curved ZnO [17] [18] [19] [20] and CdS [21] micro/nanowires have been observed. It has also been reported that the elastic strain-gradient can effectively modulate the photoexcited carrier and exciton dynamics in MoS 2 atomic membrane [7, 22] and ZnO micro/ nanowires [23, 24] .
In this work, we report the efficient aggregative flow of excitons in curved CdSe nanowires. The exciton emission properties of bending CdSe nanowires with the diameter ranging from 200 to 630 nm have been studied by both low-temperature photoluminescence (PL) and cathodoluminescence (CL) spectra. The bending strain can induce spatial variation of bandgap and drive the exciton drift into the bending outer edge where the excitons are on the lowest energy state. The high spatial resolved CL spectra show a uniform redshift at the whole bending cross sections, which are in sharp contrast to the anti-sy mmetrical redshift and blueshift along the bending cross sections predicted by conventional strain theory. The uniform energy redshift increases linearly as increasing the bending curvature. Our results provide a novel method to concentrate excitons in CdSe nanowires, which will be helpful for design of high performance and flexible CdSe nanowires based optoelectronic nanodevices.
RESULTS AND DISCUSSION
The CdSe nanowires used here were synthesized via chemical vapor deposition method [25] . The CdSe nanowires have single crystal wurtzite structure and grow along the [0001] direction with diameter ranging from 200 nm to 1 μm. The lattice variations of bending CdSe nanowires were studied by transmission electron microscope (TEM). To prepare the curved CdSe nanowire for TEM characterization, the CdSe nanowires were dispersed on a TEM grid with a carbon supporting film and a hole was made near the nanowire of interest by a glass tip. In a TEM (Tecnai F30), the electron beam was focused on the carbon film near the hole, and the carbon film would crimp under the irradiation of electron beam, inducing the bending of the CdSe nanowire. Then, the microstructures of the nanowire with different strain region were characterized by highresolution TEM (HRTEM) with 300 kV electron beam. Fig.  1a shows a curved CdSe nanowire on the TEM grid. The TEM image shown in Fig. 1b indicates that the bending CdSe nanowire with diameter of ~200 nm exhibits typical inhomogeneous strain contrast in the bending region. The HRTEM images (Figs 1c and d) , taken from the compressive region and the tensile region (indicated by the red dash squares in Fig. 1b) , show that both inner and outer edges exhibit wurtzite crystal structure with lattice parameter c of 0.69 and 0.71 nm, respectively. The inner and outer sides are under anti-symmetric elastic compressive and tensile deformations, resulting in a linear distribution of s train in the bending cross section. The maximum bending strain can be estimated as
The energy band structures of CdSe crystal under elastic strain effect have been widely investigated [26] [27] [28] [29] . It has been demonstrated that compressive and tensile strains will result in wi dening and narrowing bandgap in CdSe crystal, respectively. The similar conclusion has also been widely demonstrated in other semiconductors [7, [15] [16] [17] [18] 21, 23, 24] . Therefore, an inhomogeneous strain field imposed to CdSe crystal will induce a continuous spatial variation of electronic band structures. The continuous spatial variation of energy band leads to that the excitons are drained to the low energy states. Fig. 2a schematically shows the variation of bandgap and the mechanism for aggregative flow of excitons in the bending cross section of a curved CdSe nanowire. As the strain ε along the hexagonal axis [0001] in bending CdSe nanowire changes linearly from inner side (compression) to outer side (tension), both the conduction band minimum (CBM) and valence band maximum (VBM) shift linearly downwards from the inner side towards outer side, and the CBM down shifts much faster than that of the VBM. Consequently, there is a linear diminution of energy bandgap along the radial direction from inner side towards outer side in the bending CdSe nanowire (Fig. 2a) . Since the thermal energy at 81 K (~7 meV) is much smaller than the exciton binding energy (above 15 meV) of CdSe, the generated electron-hole pairs prefer to couple as excitonic states. On the other hand, although the alignments of the CBM and VBM in the banding cross section may also result in the opposite motion tendency of the electrons (towards lower CB) and holes (towards higher VB), the excitons will not be decomposed into free electrons and holes by the bending strain field due to the relatively large exciton binding energy. The later PL and CL spectra of the bending CdSe nanowires also demonstrate that the luminescence spectra are from exciton radiative recombination. The excitons of wurtzite CdSe crystal have long lifetime (~1 ns in bulk at 4 K [30, 31] and ~1 μs in quantum dots below 10 K [32, 33] ) and strong exciton diffusion effect with diffusion length of about 1 μm at 10 K [34] . Therefore, during the lifetime before the exciton recombination, the bandgap gradient will drift the excitons generated in the bending region towards the outer edge, resulting in the aggregative flow of excitons in bending CdSe nanowires, as schematically shown in Fig. 2b . The dynamical equation for the excitons under strain gradient can be described as [23, 24] 
where n(r, t) is the density of excitons, μ is the mobility of excitons, F = z B (r) is the effective field induced by the bandgap gradient, D is the diffusion coefficient of excitons, and τ is the lifetime of excitons. As most of the generated excitons can transport to the outer edge of the bending CdSe nanowire before recombination, the bending CdSe nanowire may act as an efficient exciton concentrator. In order to experimentally explore the aggregative flow of excitons in bending CdSe nanowires, we carried out PL investigation on bending CdSe nanowires at low temperature (10 K). The as-grown CdSe nanowires were dispersed in ethanol, and then transferred onto a silicon substrate with predefined marks for identifying the nanowires of interest. Straight CdSe nanowires were formed into curved configuration by a micromanipulator under an optical microscope (Olympus, BX51M). The strong interaction between the nanowire and the substrate keeps the CdSe nanowires in curved configuration after manipulation. The curved CdSe nanowires will resile to a straight configuration when contacting a drop of ethanol, indicating that the curved CdSe nanowires are in elastic deformation. To describe the strain distribution in the curved CdSe nanowires, we define the direction which parallel to the substrate surface and perpendicular to the c axis as x from insi de to outside, and the other one vertical to the substrate surface as y. In the bending region, the strain along the hexagonal axis [0001] varies linearly from compressive inside to tensile outside as ε = x/ρ where −d/2 ≤ x ≤ d/2, ρ is the local curvature radius, and d is the diameter of the nanowire. The maximum bending strains at the outer and inner edges of the curved nanowire are ε = ± d/2ρ [17, 20] , respectively.
The PL spectra were measured under UV laser (with wavelength of 325 nm) excitation with the spot size of ~2 μm. The temperature dependent PL spectra of a strain free CdSe nanowire (d = 600 nm) exhibit a continuous blue shift with decreasing temperature (Fig. 3a) , which is well consistent with the Varshni's law [35] . At 10 K only one intensive and sharp emission peak centered at 1.816 eV with a full width at half maximum of 13 meV is observed. Fig.  3b and d show the typical scanning electron microscope (SEM) images of two bending CdSe nanowires on Si substrate with diameter of 400 nm and 500 nm, respectively. A series of PL spectra were measured point by point along the bending CdSe nanowires at 10 K, as indicated by the colored circles in Figs 3b and d. The corresponding PL spectra of these two bending CdSe nanowires are presented in Figs 3c and e, respectively. At the strain free region, the PL spectrum exhibits only one sharp and intensive exciton emission peak centered at 1.816 eV. As the excitation spot gradually enters the bending region, the PL spectra display continuous redshift and then back to the original position after entering the other straight part. The experimental results are in good agreement with our theoretical analysis above. As the laser spot size is much larger than the nanowire diameter, the whole cross section of the nanowire will be covered by the laser spot, and the excitons will be generated in the whole cross section. Due to the aggregative flow of excitons in the bending CdSe nanowires, all the generated excitons in the whole cross section will transport towards the outer edge and recombine to luminescence, resulting in a redshift of the emission peak in the bending region. Besides that, the redshift of the PL spectrum increases with increasing the bending curvature, as shown in Figs 3c and e.
To further clearly confirm the efficient aggregative flow of excitons in bending CdSe nanowires, we carefully investigated the exciton emission spectra of bending CdSe nanowires by high spatial and spectral resolution CL spectroscopy, as shown by the schematic diagram in Fig. 4a . The CL spectra were carefully collected by CL spectrom- eter (Gatan monocle 3+) at ~6 K in a liquid helium flow cryostat. Fig. 4b shows a typical SEM image of a bending CdSe nanowire with d = 630 nm on S i substrate. The CL spectra presented in Fig. 4c are measured via line-scanning with step size of ~60 nm from compressive side to tensile side at the cross-sections indicated by the white arrows in the SEM image. Similar to the PL results, the CL spectra at the strain-free region exhibit only one sharp and intensive exciton emission peak. It is worth to note that the line-scanning CL spectra are identical from compressive side to tensile side at the cross-sections in the bending regions, and show a redshift and a certain degree of peak broadening compared to that from the straight part. Furthermore, the redshift increases with increasing the bending curvature. The line-scanning CL spectra at the bending cross section are in good agreement with the prediction by the aggregative flow of excitons in the bending CdSe nanowire. The excitons excited at anywhere of the bending cross section can transport to the bending outer edge and recombine to luminescence. The experimental results confirm that the bending CdSe nanowire can indeed act as an efficient exciton concentrator. To further analyze the variation of the exciton emission energy with the bending curvature, we extracted the CL spectrum from the neutral plane of each bending cross section, as indicated by the green colored spectra in Fig. 4c . The spectra from the neutral plane were then re-plotted together in Fig. 4d . It is clear that the redshift of the exciton emission peak strongly depends on the bending curvature. The redshift increases linearly with the maximum strain ε at outer edge as ΔE = k•ε as shown in Fig.  4e . The bending deformation potential k = ∂(ΔE)/∂ε can be obtained to be 3.5 eV through the linear fitting.
Furthermore, some other arbitrarily bending CdSe nanowires with different diameters from 200 to 600 nm were investigated (Fig. 5a ). As shown in Fig. 5b , the CL spectra collected from the neutral plane of the bending regions demonstrate a red-shift compared to the strain-free region for all the nanowires with different diameter. All the samples show a linear relationship between the redshift of emission energy and the outermost tensile strain (Fig. 5c) . Through linear fitting of the results, all the samples show the similar bending deformation potential k = ∂(ΔE)/∂ε of 3.6 ± 0.3 eV, which is larger than hydrostatic deformation potential 2.3 eV [29] . This discrepancy is probably due to the different strain loading methods.
To give a more intuitive picture of the exciton aggregative flow in the bending CdSe nanowires, the CL image of the bending CdSe nanowire (d = 630 nm) was acquired by monochromatic CL mapping mode. The SEM image of the bending region of the CdSe nanowire is shown in Fig. 6a . The monochromatic CL mapping of the bending part was obtained using 699 nm (the center emission wavelength of this part) for imaging is shown in Fig. 6b . The brightness of the monochromatic CL image corresponds to the collected CL intensity, i.e. the number of radiative recombined excitons. In Fig. 6b , the outer edge exhibits the highest brightness in the monochromatic CL image, which is consistent with the physical picture of the aggregative flow of exciton in bending CdSe nanowire.
CONCLUSION
In summary, via both theoretical analysis and low-temperature PL and CL investigations on the bending CdSe nanowires with different diameters (200-630 nm), we demonstrate the aggregative flow of excitons in bending CdSe nanowires. Due to the energy bandgap gradient induced by the bending strain deformation, the generated excitons in the bending region will transport towards the bending outer edge of the bending CdSe nanowires. The aggregative flow of exciton results in uniform CL spectra acquired from different positions along the bending cross section from the compressive part to the tensile part. Moreover, the exciton emission energy at the bending region has a redshift compared to the strain-free region, and the energy redshift increases linearly with increasing the outermost tensile strain. Our results pave an effective way to concentrate the excitons in CdSe nanowires, which may be valuable for the design of high performance and flexible CdSe nanowires based optoelectronic nanodevices.
MATERIALS AND METHODS

Synthesis of CdSe wires
The CdSe nanowires were synthesized via the chemical vapor deposition (CVD) method. CdSe (99.99%) powder and Cd (99.99%) particles were used as the growing sources, and a piece of Si wafer covered with 10 nm thermally evaporated Au was used as the substrate for nanowires collection. In a tube furnace, the distance between CdSe and Cd was about 2-10 cm, and CdSe and Si substrate about 10-15 cm. Before heating, high-purity Ar gas was introduced into the quartz tube at flow rate of 100 sccm. The quartz tube was pumped for 20 min to clear the oxygen, and then the furnace was rapidly heated to 700°C. During growth, the high-purity Ar flow rate was kept at 100 sccm. The local temperatures for CdSe, Cd, and Si substrate were about 700°C, 600-700°C, and 500-600°C, respectively. The synthesis duration was about 0.5 h.
CL measurements
To obtain the optimum spatial resolution with best signalto-noise ratio, an electron beam was accelerated at 10 kV (spot size 4), which resulted in the effective interaction of electron beam in CdSe of about 100 nm (with 90% power in this region, as supported by Monte Carlo simulation [36] ). The CL spectra were carefully collected by CL spectroscopy (Gatan monocle 3+) at liquid helium temperature. In the line-scanning mode, the CL spectra were collected step by step along the radial direction across the diameter of the CdSe nanowires from inner side to outer side, with step size of ca. 60 nm. In the spot-scanning mode, the CL spectra were collected at the center of the radial cross-sections. The CL spectra were recorded by CCD (Charge Coupled Device) in a scanning range of 300 to 450 nm at spectral resolution of about 0.5 nm. The corresponding monochromatic CL mapping image at wavelength of 699 nm.
